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A study of the constraining power of high PT observables in heavy-ion collisions
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Since the start of the LHC heavy ion program, a multitude of rather different high transverse
momentum (PT ) observables has become available to study the physics of the interaction of hard
partons with a QCD medium. Similarly, multiple theoretical models for this interaction exist and
have been compared with available data, and regularly physics conclusions are drawn based on the
agreement of a model with a particular data subset. However, such an agreement is only a necessary
condition to identify a physics mechanism, not a sufficient one — it needs to be demonstrated that
the agreement is not accidential or generic, in other words the observable actually needs to measure
the physics in question. The aim of the study presented here is to illustrate this problem by
computing various high PT observables in three different models, two of which are known to be
grossly wrong ab initio, and to study in which observables what amount of discrepancy with the
data appears. The surprising outcome is that jet yield observables are not very sensitive to the
physics mechanism of jet-medium interaction and hence do not constrain models well.
PACS numbers: 25.75.-q,25.75.Gz
I. INTRODUCTION
While high PT observables in the context of A-A colli-
sions at RHIC were comparatively scarce, the start of the
LHC heavy-ion program has added a multitude of novel
observables. Broadly, observables can now be classified
into the following categories: 1) hadron-based observales,
including the nuclear modification factor RhAA measuring
the disappearance of hard hadrons in the spectrum [1–
4] and the back-to-back hadron coincidence suppression
IAA [5, 6] 2) reconstructed jet-based observables, includ-
ing the jet nuclear modification factor RjetAA (or R
jet
CP )
[7–9] and the modification of back-to-back jet coinci-
dences [10, 11] 3) jet-triggered coincidence measurements
in which a hadron recoiling from the jet is observed,
such as back-to-back jet-hadron coincidences [12] and jet
fragmentation measurements in which the distribution of
hadrons inside a found jet is studied [13, 14] and 4) other
(usually triggered) measurements such as photon-hadron
[15] or photon-jet [16] coincidences. From a more gen-
eral point of view, all these measurements can be seen
as observing the same physics of jet-medium interaction
through the filter of different, observation-induced biases
[17].
On the theory side, many different models have been
proposed for the description of the physics of parton-
medium interaction. Note that conceptionally not all of
them are able to compute the whole set of available ob-
servables: For instance leading parton energy loss models
(e.g. [18–23]) neglect the in-medium virtuality evolution
of the jet and hence can be applied to hadronic observ-
ables only (for a more detailed discussion of the leading
parton energy loss approximation, see e.g. [24]). On the
other hand, several in-medium shower evolution codes
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do not include a hadronization stage yet (e.g. [25–27])
and can hence only be compared with jet observables.
Comparatively few available models involve both an in-
medium virtuality evolution and hadronization and can
hence conceptually be applied to the full set of available
observables [28–32].
The implication is that in many cases, model to data
comparisons are not done for the full range of available
high PT observables but only for subset. An relevant
question in this context is to what degree a model can still
be constrained by such a subset of the data. Similarly, in
order to argue that the data supports a certain physics
assumption made in a model, demonstrating agreement
between model and data is a necessary condition, but not
a sufficient one. It may for instance be the case that a
particular observable is driven by a combination of biases
and known vacuum physics which makes the outcome
generic and independent of any specific physics assump-
tion for the effect of the medium, or the agreement could
be due to an accidential cancellation of effects. To avoid
these pitfalls, model scenarios which do not incorporate
the physics assumption in question need to be tested and
demonstrated to fail with the data.
The aim of this work is to present a sensitivity analysis
of jet, hadron and mixed jet-hadron coincidence observ-
ables in this spirit. The basic idea is to compute the
same set of observables within three different scenarios
for parton-medium interaction. Each of the scenarios is
chosen to represent a substantially different physics pic-
ture of jet quenching, and the aim of the study is to
illustrate which observables are suited to probe these dif-
ferences by creating a large tension between data and
model for wrong assumptions. This in turn establishes
the idea to define a set of key observables which are par-
ticulary powerfu to constrain models, i.e. if models are
compared to a subset of data only, it should be the subset
of key observables for getting maximal constraints from
the data.
2II. PARTON-MEDIUM INTERACTION
SCENARIOS
All the different scenarios of parton-medium interac-
tion to be tested in this study are available as modes of
the in-medium shower evolution code YaJEM and docu-
mented in [30, 33] to which the reader is refered for more
details. YaJEM is based on the PYSHOW algorithm [34]
to which it reduces in the absence of medium effects, fol-
lowed by a hadronization using the Lund model [35].
All scenarios are embedded into a full fluid-dynamical
model of the medium evolution, providing the local en-
ergy density ǫ(ζ) as well as the flow velocity uµ(ζ) at the
spacetime position ζ of a parton probing the medium.
In the case of LHC observables, the fluid dynamics is
documented in [36], for RHIC kinematics in [37]. Hard
events are generated in momentum space according to
leading order pQCD expressions supplemented with an
intrinsic kT imbalance with a Gaussian distribution of 2
GeV width to mimic higher order effects, and localized in
the transverse plane according to the probability density
for binary collisions.
The various scenarios for parton-medium interaction
arise by characteristic modifications of the QCD shower
evolution equations as the shower propagates through the
medium. As discussed in [30, 33], there are three different
possibilities available within YaJEM.
The action of the medium can be parametrized by
transport coefficients qˆ(ζ), eˆ(ζ) which parametrize the
virtuality transfer per unit pathlength and the energy
loss per unit pathlength respectively. These coefficients
are taken to be proportional to ǫ3/4(ζ)F (ρ(ζ), α(ζ) with
F (ρ(ζ), α(ζ)) = cosh ρ(ζ)− sinh ρ(ζ) cosα(ζ). (1)
a hydrodynamical flow correction factor accounting for
the Lorentz contraction of the density of scattering cen-
ters as seen by the hard parton for ρ(ζ) the local flow ra-
pidity and α(ζ) the angle between hydrodynamical flow
and parton propagation direction.
For an intermediate shower parton a, created at a time
τ0a and existing for a duration τa before branching into
a pair of daughter partons, the virtuality as propagated
inside the shower code is then changed by
∆Q2a =
∫ τ0
a
+τa
τ0
a
dζqˆ(ζ) (2)
which opens the phase space for the possibility of addi-
tional, medium induced radiation. Similarly, the action
of the transport coefficient eˆ is to reduce the parton en-
ergy by
∆Ea =
∫ τ0
a
+τa
τ0
a
dζeˆ(ζ) (3)
If the parton is a gluon, the energy and momentum
transfer are increased by the ratio 2.25 of the gluon to
quark Casimir color factors.
The scenario YaJEM-DE [38] is the current default
of YaJEM and constrained by a large body of data. It
utilizes both qˆ and eˆ with the relative proportion con-
strained by the data of back-to-back hadron correlations
at RHIC [5], leading to about 10% of the total energy loss
from a leading parton driven by eˆ, and the majority of
energy loss coming through the copious emission of soft
gluons explicitly treated in the shower evolution. Since,
as decribed above, qˆ and eˆ lead to corrections to par-
ton kinematics at scales ∆Q2,∆E which are properties
of the medium and do not depend on the kinematics of
the shower, the self-similarity of the fragmentation func-
tion is broken at a characteristic scale around 3 GeV [39].
At this scale, showers are also strongly broadened by the
medium effect [39].
As discussed in more detail in [40], the in-medium
part of the shower can persist only for a length L be-
fore the shower emerges from the medium, this implies
a minimum virtuality scale Qmin ∼
√
E/L which also
depends on the original parton energy E down to which
the in-medium shower can evolve. This in turn leads to
a strong energy dependent and non-linear pathlength de-
pendence of the medium modification, in agreement with
data [40, 41].
The scenario YaJEM-E utilizes only the transport
coefficient eˆ and hence does not lead to any additional
medium induced radiation, all energy lost from the
shower is assumed to be dissipated into the medium. As
a result, there is no additional soft gluon radiation lead-
ing to copious production of soft hadrons, and showers
become more collimated even at high PT [33]. Just as
YaJEM-DE described above, it breaks the self-similarity
of the fragmentation function at a fixed scale. The mini-
mum virtuality scale down to which the shower is evolved
in the medium is kept fixed at Qmin = 1 GeV, resulting
in an approximately linear pathlength dependence of the
medium modification and the leading parton energy loss.
Finally, the scenario YaJEM+BW does not include
any explicit energy-momentum transfer between shower
and medium, but utilized the Borghini-Wiedemann
(BW) prescription [42] for modifying the pQCD splitting
kernels generating the fragmentation function to mimic
medium effects. In this scenario, the singular part of the
branching kernel in the medium is enhanced by a factor
1 + fmed, e.g. the branching kernel for q → qg becomes
in the medium
Pq→qg(z) =
4
3
1 + z2
1− z ⇒
4
3
(
2(1 + fmed)
1− z − (1 + z)
)
(4)
where z is the splitting variable for the parent parton
energy among the two daughters produced in the branch-
ing.
This increased branching probability leads to addi-
tional, medium induced soft gluon production and widens
3the shower somewhat in transverse space, although no
explicit flow of energy and momentum between jet and
medium is modeled. The factor fmed is assumed to be
proportional to
fmed ∼
∫ L
0
dζǫ3/4(ζ)F (ρ(ζ), α(ζ)) (5)
where the integration runs over the eikonal path of the
shower-initiating parton from production vertex to exit
point from the medium.
This scale-invariant modification manifestly preserves
the self-similarity of the fragmentation function. In par-
ticular, from the point of view of the leading parton, this
is a fractional energy loss mechanism since it is formu-
lated as a function of the splitting variable z only —
the average energy lost due to the medium effect is pro-
portional to the initial energy. By construction, Eq. (5)
makes the L dependence of the medium effect approxi-
mately linear.
YaJEM-DE YaJEM-E YaJEM+BW
self-similarity broken broken preserved
L-dependence non-linear linear linear
transverse shape widened narrowed widened
soft gluon production yes no yes
TABLE I: A summary of the essential physics characteristic
of the scenarios used for the systematic study.
A schematic summary of the physics characteristics
of the three scenarios is given in Tab. I. As apparent
from the table, the choice represents quite distinct char-
acteristics. Note again that the assumptions underly-
ing YaJEM-E and YaJEM+BW can easily be criticized,
however the purpose of their presence in this study is to
illustrate which data sets will be sensitive to the charac-
teristics displayed by them.
III. COMPARISON WITH OBSERVABLES
The basic strategy in the following comparison is that
for all scenarios, the proportionality between ǫ3/4 and
the relevant parameters (qˆ, eˆ, fmed) is chosen such that
the CMS jet RAA measurement [43] is reproduced at 100
GeV. Unless stated otherwise, no additional parameter is
introduced or adjusted for the computation of any other
observable.
A. Jet observables
A comparison of the three scenarios with the PT de-
pendence of RAA for R = 0.3 anti-kT jets is shown in
Fig. 1.
100 150 200 250 300
PT [GeV]
0
0.2
0.4
0.6
0.8
1
jet
 R
A
A
CMS
YaJEM-DE
YaJEM-E
YaJEM+BW
0-10% central PbPb 2.76 AGeV
anti-k_=T, R=0.3
FIG. 1: Jet RAA for R = 0.3 anti-kT jets computed in three
different scenarios for parton-medium interaction compared
with CMS data [43]
As apparent from the figure, to first order the PT de-
pendence is expected to be rather flat in all cases, with a
hint of an increase in the case of YaJEM-DE. The differ-
ences between the scenarios are however of the order of
the experimental errors, hence the data do not strongly
discriminate the cases. Note that this finding is moder-
ately surprising, as the different scenarios suppress jets
with quite different mechanism — while the main driving
force in the case of YaJEM-DE and YaJEM+BW is the
radiation of soft gluons which fall outside the R = 0.3
cone, jets in YaJEM-E are actually collimated as no
medium-induced gluons are radiated and energy from the
shower is directly dissipated into the medium. Thus, flat-
ness in PT is not necessarily expected.
A similar picture is apparent from studying jet-jet co-
incidences in terms of the dijet imbalance both for a trig-
ger range of 120 to 150 GeV and for 260 to 300 GeV in
Fig. 2. While in the lower trigger energy range, the exper-
imental statistics is good enough to create tension with
the YaJEM-E scenario of the order of 20%, overall the
shape of the distributions is remarkably independent of
the physics assumption on the quenching mechanism.
Note that the self-similar nature of YaJEM+BW is
clearly apparent in the way the shape of the distribution
in this scenario remains unchanged as a function of trig-
ger energy. However, at the upper trigger energy range,
the errors on the data are too large to decide whether a
tension really exists or not. In all cases, the differences
between the three scenarios are O(20)%, which is sur-
prisingly small given the substantially different physics
assumptions underlying these scenarios, an observation
which has previously been made in [44].
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FIG. 2: Dijet imbalance for R = 0.3 anti-kT jets computed in three different scenarios for parton-medium interaction compared
with CMS data [11]
B. Hadronic observables
Let us now turn to purely hadronic observables. These
differ in a factorized QCD picture from jet observables
mainly in that they are sensitive to the fate of the leading
parton only. This implies a dramatically different role of
collinear splitting processes: While a collinear splitting of
the leading parton leaves the jet energy invariant as the
two daughters are clustered into the same jet, it reduces
the energy of the leading parton. One might thus expect
that hadrons are less robust against suppression by the
medium than jets.
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FIG. 3: Charged hadron RAA in three different scenarios for
parton-medium interaction compared with CMS data [4]
This expectation is dramatically confirmed in Fig. 3
where the nuclear suppression factor of charged hadrons
is compared with CMS data [4]. Without explicit transfer
of energy and momentum, the BW prescription results
in what is in essence collinear emission of soft gluons
from the leading parton, with the energy that is carried
away being proportional to the original parton energy.
Taken together, these two imply that BW can suppress
hadrons more than jets, and that the suppression will
grow stronger as hadron PT increases. This leads to
a decreasing trend of RAA with charged hadron PT in
striking disagreement with the data, demonstrating that
hadron RAA is an excellent tool to rule out models based
on collinear fractional energy loss.
Both other scenarios give a fair description of the data
except at the highest PT (possible reasons for this are
discussed in [45]). This indicates that hadronic RAA is
not in particular sensitive to the different pathlength de-
pendence (a dependence on collimation vs. widening of
the parton shower is not expected for an observable that
looks at the leading shower parton only).
Observing more differentially, the hadron suppression
can be studied as a function of the v2 event plane of the
bulk matter evolution and thus be expected to image the
eccentricity deformation of the medium [46]. The sup-
pression in-plane RinAA and out-of-plane R
out
AA can equiv-
alently be cast into an angular averaged suppression and
a harmonic coefficient v2 (at high PT ), with the relation
linking the descriptions being
RinAA = RAA(1 + 2v2) and R
out
AA = RAA(1− 2v2). (6)
As argued in [24] and tested systematically for a range
of fluid dynamical models in [47], this v2 is a sensitive
probe of both pathlength dependence of the jet-medium
interaction mechanism and the assumed geometry of the
fluid dynamical medium. This strong dependence on the
soft sector makes a direct extraction of pathlength de-
pendence challenging. However, the PT dependence of
v2 can not be a property of the hydrodynamical medium
but must be driven by the parton-medium interaction
model only. In the following comparison, the normal-
ization of v2 is thus left open (in modeling, it can be
5varied substantially by changing the assumed equilibra-
tion time of matter, or introducing near TC enhancement
of jet quenching as discussed in [48]) and only the PT de-
pendence is considered meaningful as a direct test of the
parton-medium interaction.
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FIG. 4: Charged hadronv2 in three different scenarios for
parton-medium interaction compared with CMS data [49]
The result is shown in Fig. 4. As expected, the data
discriminate clearly between the two models assuming
linear pathlength dependence and YaJEM-DE with a
non-linear dependence (note that below 10 GeV, v2 is
not necessarily driven by attenuation physics only but
rather also by hydrodynamical phenomena)
Unlike jet observables, hadron disappearance observ-
ables can hence be shown to yield consistently larger ef-
fect sizes O(50%) and even clear qualitative discrepancies
with the trend of the data.
C. Jet-hadron observables
In order to retain sensitivity to possible collinear split-
tings and yet to be able to probe features of subleading
shower partons, triggered correlation observables need to
be studied. One possibility is to find jets in a certain
energy range and then analyze the longitudinal (with re-
spect to the jet axis) momentum distribution of hadrons
which comprise the jet, which corresponds to the observ-
ables which are referred to by ATLAS and CMS as ’jet
fragmentation function measurements’ [13, 14]. We will
consider this observable as an example in the following.
Note that such jet fragmentation function observables
do not measure what a theorist usually would refer to
as a fragmentation function, as there are several impor-
tant differences: 1) In factorized QCD, the momentum
fraction variable z is defined with respect to the orig-
inal parton energy, in the experimental analyses with
respect to the observed jet energy (which may be sub-
stantially smaller and is on average different in vacuum
and medium) 2) in theory, fragmentation functions are
defined for quarks and gluons separately, whereas in the
experimental analyses, a mixture of quark and gluon jets
is measured, with this mixture being different in vacuum
and medium and 3) fragmentation functions in theory are
defined for an unbiased parton whereas the experimental
analysis considers only the subset of jets falling into a
certain energy range, and RjetAA ∼ 0.5 indicates that the
triggered set includes only half of the available jets.
In the language of [17], the observable can therefore
rather be seen as a near side intra-jet conditional yield
ratio IAA given a triggered jet, and analoguously a corre-
lation of away side (opposite to the trigger) hadrons with
a jet can be studied [12].
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FIG. 5: Jet-triggered near side intra-jet hadron yield ratio as
a function of hadron momentum in three different scenarios
for parton-medium interaction.
The result for the three models studied in this work
is shown in Fig. 5 (note that CMS and ATLAS data,
each obtained for somewhat different kinematic cuts, lie
to first approximation around unity).
Perhaps most striking is the fact that YaJEM-E leads
to an enhancement of the yield ratio across a large kine-
matic range. This is a clear indication that the observable
is not actually the medium-modification of a fragmenta-
tion function, as using such a modification to compute
hadron RAA, enhancement above unity would inevitably
follow, whereas the actual computation shows suppres-
sion (see Fig. 3). The consistent interpretation is hence
that 50% of the jets are not seen (or rather, seen at sig-
nificantly lower PT where they are subdominant) by the
trigger, but that the triggered jet population has more
hadron yield at higher momentum than vacuum jets in-
side an R = 0.3 cone. This seemingly surprising outcome
is hence an artifact of the shower collimation which hap-
pens in YaJEM-E (and goes away if the cone is widened
to R = 0.7).
YaJEM+BW shows quite the opposite trend, the frac-
tional nature of energy loss model here suppresses the
high PT yield much below what is expected in non-
fractional energy loss models. Finally, the almost un-
modified result found in YaJEM-DE results from a com-
plicated cancellation of biases acting into different direc-
6tions and is explained in detail in [17].
Thus, while the observable clearly has no simple, intu-
itive interpretation, it is in fact just as sensitive O(50%)
as purely hadronic observables to the different physics as-
sumptions entering the models and probes both the nar-
rowing vs. widening of showers and the non-fractional
nature of energy loss.
D. Hadron-hadron correlations at RHIC
Let us now contrast the previous results which have all
been obtained for LHC kinematics for 2.76 ATeV PbPb
collisions with hadron-hadron back-to-back coincidence
suppression as measured for 200 AGeV AuAu collisions
at RHIC [5], an observable which has been identified as
part of a set of key constraining observables for discrimi-
nating various scenarios of parton-medium interaction in
[24]. In order to allow for a fair comparison, the rele-
vant model parameters (qˆ, eˆ, fmed) are now re-adjusted
to reproduce hadronic RAA at RHIC [2] between 6 and
10 GeV. In principle, as demonstrated in [36], one could
utilize the requirement of a description of data across dif-
ferent
√
s to discriminate between models, however this
incurs a sizable uncertainty in choosing the correct fluid
dynamical bulk medium at both
√
s. For this reason, we
do not pursue this idea here.
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FIG. 6: Hadron triggered away side hadron yield ratio as
a function of associated hadron momentum over trigger mo-
mentum in three different scenarios for parton-medium inter-
action, compared with STAR data [5].
The resulting computation is shown in Fig. 6 where the
medium over vacuum away side associate hadron yield
ratio is shown as a function of zT = Passoc/Ptrigger . Both
YaJEM+BW and YaJEM-E show dramatic differences
(of a factor five and more) to the data, with in addition
YaJEM+BW exhibiting the completely wrong trend. As
might be expected from a key observable, there is hence
strong discriminating power between different models.
As discussed in some length in [17], the main reason
for the strong discriminating power is a coincidence of bi-
ases which enhances the sensitivity to three major physics
ingredients of the parton-medium interaction model —
kinematic shift, pathlength dependence and quark vs.
gluon energy loss.
Let us start with the pathlength dependence. Since the
trigger for this analysis is a hadron, the analysis is biased
towards showers in which the near side leading parton has
not lost much energy. For a steeply falling parton spec-
trum as relevant at RHIC kinematics, even a small energy
shift translates into a strong yield suppression at given
pT , this is progressively less true for the harder spectra
at LHC kinematics. For a medium modification which
grows with medium density and with in-medium path-
length, the implication is that the trigger condition will
preferentially select events in which the hard vertex was
close to the surface and the trigger parton moved only a
short path outward through the medium. This is known
as ’surface bias’. The surface bias is much stronger for a
non-linear pathlength dependence of the medium modifi-
cation (as exhibited by YaJEM-DE) than for a linear one.
However, placing the production vertex near to a surface
implies that the majority of away side partons is forced
onto a long path through the medium center, which in
the non-linear case also receives extra weight. For this
reason, h-h correlations at RHIC energies are maximally
sensitive to the pathlength dependence of models and
generically all models based on linear pathlength depen-
dence overshoot the data by a large margin, as already
realized in [50]. The surface bias as a sensitive probe
of the pathlength dependence accounts for the fact that
both YaJEM-E and YaJEM+BW on average overshoot
the data.
The second relevant effect is the medium-induced shift
in the relation between trigger PT and hard event par-
ton pT . At RHIC, the leading hadron typically contains
the fraction z ∼ 0.7 of the leading parton energy in the
vacuum and z ∼ 0.5 in the medium [51]. Within the
limited kinematic range probed by the observable, these
relations do not change substantially for YaJEM-DE and
YaJEM-E where the fragmentation function is not self-
similar and the strength of the medium effect is primar-
ily set by medium effects, but they do vary strongly in
YaJEM+BW where the amount of energy lost from the
leading parton is approximately proportional to its en-
ergy. It is this variation which changes the shape of
IAA(zT ), just as it altered the shape of the hadronic
RAA(PT ) as shown in Fig. 3.
The third major effect, also discussed in [51], is the
observation that for the trigger kinematics at RHIC, the
away side parton type is biased to be a gluon. Due to the
softer fragmentation of gluons in general and the stronger
coupling of gluons to the medium, this leads to extra
suppression, causing a very low value of IAA. However,
since all three scenarios investigated here take the dif-
ference between quarks and gluons into account consis-
tently, this is not a discriminating factor relevant for the
7interpretation of Fig. 6.
Note that the observable is in addition at low zT sen-
sitive to the presence or absence of subleading shower
partons — as demonstrated in [51], pure leading parton
energy loss models miss the upturn of IAA below z ∼ 0.4
and instead result in a downturn.
In summary, this example shows that there is a sub-
set of key observables in which biases selectively magnify
the relevant differences between models and give a dis-
criminating power between models which is an order of
magnitude larger than with other observables which are
less sensitive to model assumptions.
IV. DISCUSSION
A. Other observables
There are many more high PT observables available
which have not been included into the series of com-
parisons presented above, chiefly because their proper-
ties (in the language of [17], their bias structure) are
known, and hence it can be at least qualitatively inferred
what properties of parton-medium interaction they are
(in-)sensitive to.
Consider for instance the centrality dependence of
angular-averaged jet or hadron RAA. Given that the hy-
drodynamical medium is constrained by the variations in
bulk spectra and v2 independently of the hard physics,
it would seem that testing the centrality dependence of
the suppression factor poses non-trivial constraints to
models. However, one should consider that both end-
points of the centrality evolution are already constrained
— the situation for the most central collisions is shown
in Figs. 1, 3, whereas for very peripheral collisions even-
tually only a single pair of nucleons collides, at which
point final state interaction must cease and RAA ≈ 1 can
be inferred. The centrality dependence is hence just an
interpolation between these points, and while there are
interesting structures in the data in detail, it is hard to
see how a model in which the medium modifications in
some way scale with pathlength and density would be
able to miss this interpolation by more than 20%. As ev-
idence supporting this assertion, [52] may be taken where
the centrality dependence of angular averaged hadronic
RAA can be reproduced at RHIC and LHC just based
on density scaling of the medium, i.e. without a genuine
fluid dynamical computation including transverse expan-
sion of the medium.
In an effort comparable to the one presented here,
in [27], three parametric models of parton energy loss
(strong coupling, radiative, collisional) have been tested
against a variety of jet observables, including the central-
ity dependence of jet RAA and the dijet imbalance. The
results obtained are consistent with the results presented
here, the only jet observable with discriminating power
found is the jet-triggered near side intra-jet IAA.
Let us then briefly turn to other classes of observables.
As discussed in [17], the bias structure of jet-h correla-
tions can be made similar to that of hadron-hadron cor-
relation by choosing a suitable jet definition, i.e. a dis-
criminating power equivalent to Fig. 6 could be expected
for this observable, whereas γ-hadron correlations do not
suffer from a surface bias effect and would hence chiefly
discriminate YaJEM-BW based on the fractional energy
loss, while YaJEM-DE and YaJEM-E would be distinct
only on the amount of subleading radiation produced at
low zT , making photon-triggered correlations somewhat
less discriminative.
Instead of considering the longitudinal structure of a
found jet, also the transverse structure might be investi-
gated, the CMS collaboration has done this in terms of
a jet shape measurement [53]. However, as [54] demon-
strated, at least YaJEM+BW is quite compatible with
the measurement once the biases due to jet finding are
taken into account properly.
B. Theoretical uncertainties
Any discussion on the discriminating power of various
observables is incomplete without a statement at what
level of accuracy various models need to be separated.
This is best apparent from observables like the dijet im-
balance at low PT (Fig. 2, left panel) where experimental
errors are vanishingly small. Assuming vanishing theo-
retical uncertainty, this plot would in fact rule out all sce-
narios except YaJEM+BW with high confidence. How-
ever, theoretical uncertainties do not vanish, they are
merely hard to assess.
An overview of what is known about the various uncer-
tainties is given in [24], here just a few essential points
are summarized. One source of uncertainties is of nu-
merical nature, these arise from finite sampling size in
Monte-Carlo strategies and finite resolution in numerical
integrations. Where such uncertainties are an issue, they
have been shown as theoretical error bars in the plots.
A second class of uncertainties has to do with the
pQCD computation underlying the initial state of any
parton-medium interaction modeling and in particular
with scale choices for the parton distribution functions
(PDFs) as well as correct error propagation of the PDF
and nuclear PDF errors. Typically such pQCD uncer-
tainties are relatively small given the nature of observ-
ables as ratios and conditional probabilities, observable-
dependent between 5 and 10%.
The next class of errors has to do with the valid-
ity of assumptions frequently made in modelling final
state parton-medium interaction. An example for that
is eikonal parton propagation, which corresponds to a
small uncertainty < 5%.
Uncertainties with regard to the modeling of the
medium are conceptually somewhat difficult. In tomo-
graphic measurements, rather than being an uncertainty,
the response to the assumed background medium is the
objective of the measurement, whereas in measurements
8aimed to constrain parton-medium interaction, the same
response is a systematic uncertainty. As alluded to in
section III B and observed in [24, 47], in principle a siz-
able uncertainty, approaching 100% for some observables
like the magnitude of hadronic v2, is associated with the
choice of the background medium in which the parton-
medium interaction model is tested. This uncertainty
is smaller for other observables, for instance for hadron-
hadron coincidence IAA it is known to be about 20% [51]
and for jet coincidences less than 5% [44]. However, uti-
lizing the tighter constraints which are posed to modern
fluid dynamics computations by observables such as the
event-by-event fluctuations of bulk matter v2 [55] may
reduce this uncertainty below what constraints from de-
manding agreement to bulk spectra and event-averaged
v2 yield. In a similar way, possible near-TC enhance-
ment of jet quenching [56–58], if not the objective of the
measurement, introduces a 30% uncertainty on the mag-
nitude of v2 and a < 5% uncertainty on the mean RAA.
Finally, the decision to fit the parameters (qˆ, eˆ, fmed)
to some region of experimental data to determine the
overall strength of jet quenching introduces a systematic
uncertainty of the magnitude of the combined statistical
and systematical experimental errors of the data.
However, note that all these theoretical uncertainties
are (anti-)correlated across different observables in com-
plicated ways. To give a simple example for such an
anticorrelation, changing the spectral slope of the pri-
mary QCD spectrum within the uncertainties might lead
to a decrease in RAA, but due to the resulting change in
the kinematic relation between trigger hadron and par-
ent parton cause a kinematic bias which increases IAA in
dihadron correlations.
In summary, while a general assessment of the theo-
retical uncertainties in a systematic way is an extremely
challenging problem and has never been attempted so
far, the order of magnitude of the uncertainty for the un-
certainty of the observables discussed in this work can
be estimated to be at least 10-20%. The implication is
that a 20% effects are not sufficient to solidly discrim-
inate between models and rule out certain scenarios of
parton-medium interaction, as tweaking of parameters
within plausible ranges might move the theoretical curves
within that range. 50% effects are clearly enough to dis-
tinguish between the gross differences exemplified by the
scenarios studied here, but to distinguish more subtle dif-
ferences between models, the large factors of selectively
biased key observables are the only viable avenue.
V. CONCLUSIONS
The study of several types of high PT observables for
three rather different physics scenarios of parton-medium
interaction presented in this work illustrates a number of
points.
First, not every observable is sensitive to the same
physics properties. For instance while charged hadron
RAA(PT ) distinguishes models cleanly along the lines of
fractional vs. fixed scale modification, v2(PT ) keys pri-
marily on linear vs. non-linear pathlength dependence.
This is in principle a desirable property which helps se-
lectively probing relevant physics, however argues cau-
tion in making conclusions about model validity based
on a subset of data. In an extreme case, the fact that a
model agrees with the whole set of jet RAA and dijet im-
balance measurements in addition to the intra-jet corre-
lated hadron yield and hadronic RAA does still not imply
that this model has the correct pathlength dependence,
as none of these observables are sensitive to pathlength
dependence but rather probe other properties. Simi-
larly, demonstrating good agreement between model and
jet RAA and imbalance even across a significant central-
ity range may still not imply strong constraints for the
model.
Second, observables focusing on final state hadron
yield are more sensitive than observables focusing on jet
yield. This may seem counter-intuitive, as the jet yield
involves more of the shower particles, however it can
be understood by considering the different sensitivity to
near-collinear splittings. Another way of expressing this
is that jet definitions are designed to suppress physics
around ΛQCD, i.e. soft gluon emission or hadronization
and instead be comparable to hard QCD calculations on
the parton level. As a result, clustering systematically
also suppresses the physics of parton-medium interaction
modifying the QCD shower evolution at a scale of the
temperature T ∼ ΛQCD.
Third, triggered correlations where a final state hadron
is observed provide the highest discriminating power of
all observables, however are usually counter-intuitive to
interpret. The reason for both is the same — the nature
of triggered correlations as conditional probabilities im-
plies a bias structure that can be utilized to selectively
magnify certain aspects of the physics.
Finally, there are selective advantages to measure-
ments both at RHIC and LHC kinematics. While at
RHIC, the steeply falling spectrum implies that biases
act much stronger in triggered correlations (e.g. in terms
of surface bias [17]), the large kinematic range accessible
at the LHC allows to observe different scaling behaviour
with the initial parton energy (for instance fractional en-
ergy loss) cleanly. Only the interplay between low and
high
√
s supplies a meaningful set of key observables con-
straining essentially all aspects of the interaction between
parton showers and the medium.
Based on these results, a suitable strategy suggesting
itself for a most constraining set of measurements is hence
to use clustering to access the properties of the primary
hard event or to provide a selectively biased trigger, and
then focus on hadrons correlated with the trigger object
to study the softer physics of parton-medium interaction
and energy dissipation into the medium.
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